Introduction
============

Herniation of the nucleus pulposus (NP) tissue through the annulus fibrosus (AF) defects is a well-known cause of low back pain, leg numbness, and weakness.[@b1-ijn-13-1553] Discectomy or microdiscectomy procedure is a well-known intervention for radicular pain resulting from NP herniation.[@b2-ijn-13-1553],[@b3-ijn-13-1553] Existing evidence shows that patients benefit from it when compared with nonoperative management.[@b4-ijn-13-1553],[@b5-ijn-13-1553] However, discectomy does not repair the remaining AF defect to restore the integrity of AF, and thus, re-herniation may occur at the rate ranging from 1 to 38% based on different kinds of annular defects.[@b6-ijn-13-1553] Carragee et al[@b6-ijn-13-1553] reported that larger AF defects postdiscectomy are risk factors for recurrent disk herniation and are associated with poor outcome.[@b7-ijn-13-1553]

Currently available procedures for AF closure are designed to prevent recurrence, to restore mechanical integrity, and to promote repair of the injured tissue. Direct repair of annular incisions by suture techniques failed to restore intervertebral disk (IVD) intradiscal pressures and did not significantly alter the healing strength of the IVD in sheep model of AF defects.[@b8-ijn-13-1553] A recent multicenter randomized controlled clinical trial showed no effect of commercialized suturing techniques for AF closure (eg, Xclose© and Anulex Technologies Inc) on reduction in the rate of re-herniation.[@b9-ijn-13-1553] AF implants such as the Barricaid^®^ (Intrinsic Therapeutics, Woburn, MA, USA) prevent NP tissue re-herniation and should provide the surgeon with increased confidence in minimizing nucleus removal for pain relief, while preserving the disk height, and sustaining the disk biomechanics, retarding the degeneration process and associated poor clinical outcomes in long term.[@b10-ijn-13-1553]--[@b12-ijn-13-1553] Some sutures, such as fibril hydrogels, have shown positive results in experimental studies to some extent.[@b13-ijn-13-1553] However, all these methods merely provide a physical barrier to prevent NP re-herniation and neither the device nor the sutures restore mechanical properties of the motion segment or promote AF tissue regeneration.

Tissue engineering provides an advanced strategy that applies an engineering approach for the regeneration of scaffolds that replaces and restores compromised tissues. To enable injured tissue to recover its normal function and promote tissue regeneration, tissue engineering AF scaffolds must mimic native tissue, both mechanically and physiologically. AF is a laminated angle-ply composite structure with layers oriented at \~±30° angles in the outer AF and \~±45° in the inner AF, which imparts heterogeneity and highly anisotropic mechanical properties.[@b14-ijn-13-1553] Successful tissue engineering of AF scaffolds must match the material properties of AF as closely as possible.

Multiple techniques have been applied to fabricate scaffolds suitable for tissue engineering. Among these, electrospinning has been extensively used to create highly aligned arrays of polymeric nanofibers scaffold, scale, and architecture of which mimic the natural organization of many fiber-reinforced soft tissues, such as muscle, tendon, knee meniscus, and AF.[@b15-ijn-13-1553] These scaffolds can be manufactured to obtain essential mechanical behaviors of fiber-reinforced soft tissues such as nonlinearity, anisotropy, and finite elastic deformations.[@b16-ijn-13-1553] Attachment and proliferation of bovine and human AF cells and mesenchymal stem cells (MSCs) on electrospun scaffolds have been observed in different studies.[@b17-ijn-13-1553]--[@b19-ijn-13-1553] Nerurkar et al used aligned nanofibrous scaffolds to engineer single lamellar AF constructs[@b20-ijn-13-1553] and to fabricate bi-lamellar tissues that replicate the angle-ply fiber organization to mimic native AF tissue.[@b21-ijn-13-1553] Another study constructed a disk-like angle-ply structure that replicated the multi-scale architecture of the IVD as a new approach for disk tissue engineering.[@b22-ijn-13-1553]

However, owing to its dense fiber assembly, the cellular infiltration and matrix formation are limited to the AFS boundaries. Therefore, it is critical to improve the cell--scaffold interactions and cell infiltration for improved efficiency. Moreover, little attention has been paid to mechanical parameters, especially the axial compression property of the scaffold. In this study, a nanoyarn-porous nanofiber hybrid scaffold (HS) was fabricated by conjugated electrospinning and freeze-dry manner. The scaffolds were seeded with bone marrow-derived MSCs (BMSCs), and cell proliferation and scaffold infiltration were determined. The HS, which comprised a nanoyarn layer and a porous nanofiber layer, was most efficient in balancing the mechanical property and scaffold porosity and may provide a promising strategy to AF repair.

Materials and methods
=====================

Materials
---------

Poly([l]{.smallcaps}-lactide-co-caprolactone) (P\[LLA-CL\]; poly\[L-lactide\] \[PLLA\]:PCL =75:25; molecular weight: 340,000 Da) was provided by GUNZE Co., Ltd. (Kyoto, Japan). Gelatin was purchased from MP Biomedicals (CA, USA). PLLA was provided by Medprin Regenerative Medical Technologies Co., Ltd (Guangzhou, China). Glutaraldehyde and tert-butanol were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from Darui Co., Ltd. (Shanghai, China).

Scaffold fabrications
---------------------

[Figure 1](#f1-ijn-13-1553){ref-type="fig"} illustrates the process for scaffolds' fabrication. Briefly, 10 mL of gelatin solution (dissolved in 10 mL of HFIP at 12%, w/v) and 3 mL of poly(lactic acid) (PLA) solution (dissolved in 10 mL of HFIP at 8%, w/v) were blended together to form a homogeneous solution (PLA/gelatin, weight ratio =1:5). The solution was charged with a voltage of 15 kV and fed at a rate of 5.0 mL/h with 9 G metal needle using a syringe pump. The resultant nanofibers were deposited onto an aluminum foil at a height of 15 cm from the blunt tip. Three grams of gelatin/PLA nanofibers membranes were separately cut into small pieces (1×1 cm) and dispersed in 100 mL tert-butanol by homogenizing the mixture for 15 min at 12,000 rpm using an IKA T18 homogenizer (IKA-Werke GmbH & Co., Staufen, Germary). As has been shown previously that three-dimensional porous fiber scaffolds (3-DPS) with 3 g of gelatin/PLA have a comparable axial compression property-like AF (0.35 MPa), it was used in this study.[@b23-ijn-13-1553] Uniform nanofibers' dispersions were poured into a mold above the aligned nanoyarn scaffolds (AYS), frozen at −80°C for 2 h, and then freeze-dried for 24 h to obtain the unstable HS.[@b24-ijn-13-1553] Glutaraldehyde (5%) was added to ethanol as a cross-linker. The unstable scaffolds were cross-linked by glutaraldehyde for 10 min. To improve the biocompatibility of cross-linked scaffolds, they were treated with a 5% solution of [l]{.smallcaps}-glutamic acid in 0.5 M hydrochloric acid for 48 h and freeze-dried overnight.[@b25-ijn-13-1553]

The gelatin/P(LLA-CL) blend (weight ratio: 20:80) was dissolved in HFIP at 10% (w/v). After agitation for 24 h, the gelatin/P(LLA-CL) solution was used for producing AYS by conjugated electrospinning. Polymer solutions were delivered to two spinnerets, which were horizontally opposite to each other and located above the grounded collector at a distance of 15 cm. Two high electrical voltages of 12 kV with opposite polarities were applied to the two spinnerets, and the solution jet impelling rate was set at 1.5 mL/h. The fibers from the two oppositely charged spinnerets carry opposite charges, which attract each other and strike together to form polymer composite nanoyarns. The yarns and part of unpacked fibers were continuously collected by the rotating mandrel at a rotation rate of 140 rpm. Nanoyarns of \~250 μm thickness were electrospun to match the natural lamellar thickness of the AF.[@b26-ijn-13-1553] The AFS[@b27-ijn-13-1553] were constructed according to our previous protocols with some modification.[@b23-ijn-13-1553] All these scaffolds were stored in a vacuum oven for 7 days, then immersed in 75% ethanol for 4 h, and washed with phosphate-buffered saline (PBS) for three times at 30 min each before use.

Morphological characterization of the scaffolds
-----------------------------------------------

The surface morphology of those scaffolds was examined by scanning electron microscope (SEM; JSM-5600, JEOL, Tokyo, Japan). Before scanning, platinum was coated on the surface of the scaffolds twice for 10 s each. The fiber diameter, nanoyarn bundle diameter, and angle distribution (relative to the vertical axis) of the specimens (n=3) were determined using Image J 1.47 (National Institute of Health, Washington D.C, USA). The angle distribution and mean diameter were determined for more than 100 randomly selected nanofibers and nanoyarns. The orientation of the fiber (or nanoyarn) was determined by measuring the angle between the fiber (or nanoyarn) and the direction of mandrel rotation for AFS and AYS. The mean pore size was determined for \>100 pores. A pore was identified as a void space surrounded by fibers (or nanoyarns) on all sides and nearly the same depth. The porosity of the scaffolds was calculated using a previously described method (n=4).[@b28-ijn-13-1553]

Measurement of mechanical properties of scaffolds
-------------------------------------------------

After measuring the cross-sectional areas using a caliper, scaffold samples were cut into 50×10 mm rectangular samples, which were clamped with serrated grips and loaded onto an optical microscope and digital image correlation testing device. Tensile tests were performed using a constant crosshead speed of 10 mm/min until failure. Strain was determined as extension normalized to the gauge length and stress was computed as the load normalized to the initial cross-sectional area. Young's modulus was computed as a slope of the stress--strain plot, determined by regression of the linear portion of the curve. The tensile strength and elongation at the break were determined from the maximum stress and maximum strain before material failure (n=5).

BMSCs' isolation and culture
----------------------------

Primary BMSCs from Sprague Dawley rats were harvested and cultured using a previously described protocol.[@b29-ijn-13-1553] All the protocols were approved by the Institutional Animal Care and Use Committee of Second Military Medical University (Shanghai, China). All animal handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of Second Military Medical University. Following euthanasia, the ends of the femora were removed and marrow of the midshaft flushed out with 1-mL syringe. Marrow was suspended in a standard medium (SM) with Dulbecco's Modified Eagle's Medium (DMEM) -- high glucose (Thermo Fisher Scientific, Waltham, MA, USA), 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific) and plated in 25 cm^2^ flasks (Corning Incorporated, Corning, NY, USA) at a density of 1×10^6^ cells/mL. Non-adherent cells were removed after 24 h, and the medium was replaced every 2--3 days. Experiments were carried after the second passage. Upon reaching confluency, BMSCs were removed by 0.25% trypsin in 1 mM ethylenediaminetetraacetic acid tetrasodium (Thermo Fisher Scientific) and plated on the pretreated scaffolds.

For differentiation studies, BMSCs were seeded at a density of 5×10^5^ cells per scaffold in a chondrogenic medium (CM). CM consisted of DMEM -- high glucose, supplemented with 10% FBS, 4 mM [l]{.smallcaps}-glutamine (Sigma-Aldrich Co., St Louis, MO, USA), 0.1 μM dexamethasone, 0.17 mM ascorbic acid-2-phosphate, 0.1 μM ITS + Premix Culture Supplement (Corning Incorporated), 1 mM sodium pyruvate, 0.35 mM proline, 1% penicillin/streptomycin (Thermo Fisher Scientific), and 10 ng/mL transforming growth factor-β3 (TGF-β3) (R&D Systems, Inc., Minneapolis, MN, USA). The medium was changed every 2 days and evaluated for chondrogenic markers at day 14.

BMSCs' proliferation on scaffolds
---------------------------------

Cell viability was determined by measuring cell metabolic activity using the cell counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. To quantify cell proliferation, a proliferation assay was performed on every scaffold. A sample with a surface area of \~32 mm^2^ was cut off from each scaffold and placed in a 96-well plate containing 100 μL of culture medium. Viable cell number was determined by absorbance at 450 nm in a microplate reader from BioTek (Winooski, VT, USA).

Morphology of BMSCs on scaffolds
--------------------------------

The cell-cultured scaffolds were processed for SEM studies after 7 days of seeding. The scaffolds were rinsed twice with PBS and fixed in 2.5% glutaraldehyde for 3 h. Thereafter, the scaffolds were dehydrated with increasing concentrations of ethanol (60, 70, 80, 90, and 100%) for 15 min each. Finally, the scaffolds were sputter coated with gold and then observed under SEM.

Histology
---------

The scaffolds were preimmersed in culture medium overnight before cell seeding. After cell seeding with a density of 3×10^6^ cells/scaffold, the cell--scaffold constructs were incubated for 4 h to allow the cells to completely adhere to the scaffolds. Then, the constructs were placed in a six-well plate and incubated in the normal medium as described earlier. After incubation for 14 days, the samples were fixed in 4% paraformaldehyde and 5 μm cross-sections were obtained after dehydration, clarification, infiltration, and paraffin embedding. The sections were processed for hematoxylin and eosin (HE) staining (Sigma-Aldrich Co.), and images were obtained using a microscope (DM4000 B; Leica Microsystems, Wetzlar, Germany).

Cell infiltration measurements
------------------------------

For cellular infiltration assay, the constructs were collected at each time point and flash frozen in liquid N~2~. Samples were embedded in optimal cutting temperature (OCT) compound (Tissue-Tek; Sakura Finetechnical Co. Ltd., Tokyo, Japan), cut into 10 μm sections using a Leica cryo-microtome, and mounted onto poly([l]{.smallcaps}-lysine) precoated microscope slides. The sections were then fixed in 4% polyformaldehyde for 30 min at room temperature. Visualization of cells in the scaffold was done by staining the fixed sections with the DNA-binding stain 4′,6-diamidino-2-phenylindole (DAPI). Quantification of the depth of cellular infiltration was performed with a modified method previously described by Pham et al[@b30-ijn-13-1553] with some modifications. For this purpose, a set of columns of 10 μm widths and 20 μm apart from each other were overlaid. The deepest distance (relative to the mesh surface) was measured and recorded in each column. The samples per group per time point and at least three sections per sample were analyzed to obtain the quantitative infiltration depth data. Point-to-point distance measurements were performed using Image J 1.47.

Quantitative real-time polymerase chain reaction (PCR)
------------------------------------------------------

Total RNA was extracted from cell-loaded scaffold using TRI-zol reagent (Thermo Fisher Scientific) following the manufacturer's instructions. The cDNA was synthesized with moloney murine leukemia virus reverse transcription reagents (Takara, Kusatsu, Shiga, Japan). Housekeeping gene *GAPDH* was used as a normalization control. Real-time PCR was conducted using the SYBR Premix qPCR kit (Takara). Data were analyzed by the ΔΔCT method for relative gene expression. The primers are listed in [Table 1](#t1-ijn-13-1553){ref-type="table"}. Each sample was tested in triplicate.

Statistical analysis
--------------------

All experiments were conducted at least three times, and normally distributed data are presented as mean ± standard deviation (SD) or presented as median and interquartile range. Single factor one-way analysis of variance (ANOVA) was used to determine statistically significant difference (*P*\<0.05) between groups in normally distributed data, while nonparametric Kruskal--Wallis test was used for non-normally distributed data. All statistical analyses were performed using SPSS Statistics Version 19.0 (IBM Corporation, Armonk, NY, USA).

Results
=======

Electrospun scaffold morphology
-------------------------------

The surface morphology of AFS, AYS, and HS and cross-sectional structures of HS are shown in [Figure 2](#f2-ijn-13-1553){ref-type="fig"}. Images of the AFS ([Figure 2A](#f2-ijn-13-1553){ref-type="fig"}) revealed that the scaffolds were composed of aligned nanofibers, while those in AYS ([Figure 2B](#f2-ijn-13-1553){ref-type="fig"}) were composed of aligned nanoyarns (marked with red ellipses and arrows) and nanofibers, presenting a relatively three-dimensional structure. The random arrangement PLLA/gelatin nanofiber membranes, which were used to form the 3-DPS, are shown in [Figure 2C](#f2-ijn-13-1553){ref-type="fig"}. HS ([Figure 2D](#f2-ijn-13-1553){ref-type="fig"}) was formed by AYS and 3-DPS layer by layer. AYS ([Figure 2B](#f2-ijn-13-1553){ref-type="fig"}) and 3-DPS ([Figure 2E](#f2-ijn-13-1553){ref-type="fig"}) exhibited a three-dimensional porous structure, especially the latter one, while AFS ([Figure 2A](#f2-ijn-13-1553){ref-type="fig"}) consisted of densely packed nanofibers. [Figure 2E and F](#f2-ijn-13-1553){ref-type="fig"} shows the fiber morphology of 3-DPS in HS before and after cross-linking with 5% glutaraldehyde, showing no significant change in nanofibers' morphology.

Nanofibers in AFS exhibited a relatively uniform fiber alignment and large part of nanofibers formed angles ranging from 0 to 30° ([Figure 3A](#f3-ijn-13-1553){ref-type="fig"}). Most of the nanoyarns and nanofibers in AYS showed better fiber alignment, forming angles ranging from 0 to 20° ([Figure 3B](#f3-ijn-13-1553){ref-type="fig"}). As shown in [Figure 3C](#f3-ijn-13-1553){ref-type="fig"}, the median pore size of AFS (median \[quartile 1, quartile 3\]) was 59.69 (32.88, 90.33) μm^2^, which was significantly smaller than AYS with a median pore size of 240.61 (140.62, 450.40) μm^2^ (*P*\<0.05) and 3-DPS with a median pore size of 314.70 (177.04, 446.57) μm^2^ (*P*\<0.05). There was no significant difference between AYS and 3-DPS in terms of pore size (*P*\>0.05). Some large pores, which were \>2,000 μm^2^, were observed in the 3-DPS group. In addition, 3-DPS exhibited a significantly higher porosity of 83.3%±1.17% compared to AFS (71.7%±1.09%, *P*\<0.05) and AYS (79.7%±2.01%, *P*\<0.05) ([Figure 3D](#f3-ijn-13-1553){ref-type="fig"}).

Mechanical properties of electrospun scaffolds
----------------------------------------------

Typical stress--strain curves of AFS and AYS are shown in [Figure 4A and B](#f4-ijn-13-1553){ref-type="fig"}, respectively. A 6.5-fold increase in tensile strength in the parallel direction (13.46±0.54 MPa) compared to the perpendicular direction (2.02±0.23 MPa) was observed in AFS (*P*\<0.05). A more robust increase (13-fold) was observed in AYS (10.39±0.46 MPa in parallel direction vs 0.75±0.02 MPa in perpendicular direction) (*P*\<0.05) ([Figure 4C](#f4-ijn-13-1553){ref-type="fig"}). Similarly, Young's modulus in direction parallel to the rotation of the mandrel was 75 and 35 times greater than that in perpendicular direction (159.46±13.05 vs 2.06±0.93 and 111.19±5.57 vs 3.17±0.50 MPa, respectively) (*P*\<0.05) ([Figure 4D](#f4-ijn-13-1553){ref-type="fig"}). However, the elongation at break values of AFS and AYS in the parallel direction was significantly smaller than that in the perpendicular direction (60.83%±3.12% vs 201.01%±8.43%, *P*\<0.05, and 112.48%±2.13% vs 197.78%±9.92%, *P*\<0.05, respectively) ([Figure 4E](#f4-ijn-13-1553){ref-type="fig"}). Both AFS and AYS exhibited notable anisotropic mechanical properties as significant differences in the mechanical properties in the parallel and perpendicular directions of both scaffolds. Both Young's modulus and tensile strength in the parallel direction were significantly larger in AFS than in AYS (*P*\<0.05).

Cell proliferation on scaffolds
-------------------------------

BMSCs (7.5×10^3^ cells) were seeded and cultured on tissue culture plate (TCP), AFS, AYS, and HS and imaged using a SEM at day 7. The optical density (OD) values shown in [Figure 5](#f5-ijn-13-1553){ref-type="fig"} indicated that there was a slight increase in the number of cells in the AFS (0.940±0.016, *P*\<0.05) and AYS (0.942±0.021, *P*\<0.05) groups after 1 day of culture compared to TCP (0.866±0.041), while it decreased in the HS (0.701±0.015, *P*\<0.05) group. The cell proliferation rate on AYS and HS was significantly higher than that on TCP and AFS. No significant difference was observed between TCP and AFS at days 3 and 7.

Cell morphology imaged by SEM
-----------------------------

SEM was used to examine the influence of culture environment on cell morphology and cell--scaffold interaction. [Figure 6](#f6-ijn-13-1553){ref-type="fig"} shows the morphology of BMSCs in individual scaffolds. SEM images of cell cultures observed on day 7 showed normal morphology of mesenchymal cells in AFS, AYS, and HS. Cells in AFS showed normal extensions and typical elongated morphology ([Figure 6A](#f6-ijn-13-1553){ref-type="fig"}). Cells were oriented along the direction of the fibers and clustered around the nanoyarn fibers in a longitudinal fashion in AYS ([Figure 6B](#f6-ijn-13-1553){ref-type="fig"}). In contrast, BMSCs in HS aggregated to form small colonies ([Figure 6C](#f6-ijn-13-1553){ref-type="fig"}). The increased cell density in HS and AYS as compared to cells in AFS was consistent with the result from the cell proliferation experiment.

Histological analyses
---------------------

The cell penetration and gross distribution of BMSCs seeded scaffolds were determined by HE staining ([Figure 7](#f7-ijn-13-1553){ref-type="fig"}). While HS showed large cell penetration and growth on both the surface and porous areas ([Figure 7C, D, G, H, K, and L](#f7-ijn-13-1553){ref-type="fig"}), AYS showed less cell distribution compared to HS ([Figure 7B, F, and J](#f7-ijn-13-1553){ref-type="fig"}), and a part of cells infiltrated into the center of the scaffold. Limited cell infiltration in the periphery of the scaffold was observed in AFS ([Figure 7A, E, and I](#f7-ijn-13-1553){ref-type="fig"}).

Cell infiltration
-----------------

To verify the presence and distribution of BMSCs in the scaffold, DAPI staining was performed ([Figures 8](#f8-ijn-13-1553){ref-type="fig"} and [9](#f9-ijn-13-1553){ref-type="fig"}). After a 3-day culture, the median and interquartile range of infiltration depth of BMSCs in AFS ([Figures 8A](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}), AYS ([Figures 8B](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}), and HS ([Figures 8C](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}) were found to be 9.88 (6.53, 10.85), 12.64 (11.65, 19.50), and 236.43 (185.87, 267.44) μm, respectively (*P*\<0.05). By day 7, an increase in the number of infiltrated cells was observed in HS ([Figures 8F](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}), while only a limited increase was observed in AFS ([Figures 8D](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}) (*P*\<0.05). After a 14-day culture, the BMSCs had migrated to a depth of \~414.34 (380.95, 457.05) μm in HS ([Figures 8I](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}), 55.60 (17.06, 112.10) μm in AYS ([Figures 8H](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}), and 34.65 (26.62, 36.76) μm in AYS ([Figures 8H](#f8-ijn-13-1553){ref-type="fig"} and [9B](#f9-ijn-13-1553){ref-type="fig"}) (*P*\<0.05). Notably, a small part of BMSCs had ingrown into AYS at a depth of \>150 μm, while the depth in AFS was \<50 μm, even though no significant difference existed in these two groups in terms of the median infiltration depth (*P*\>0.05). At this point of time, cells colonized on the boundary, with limited infiltration into the inner part of scaffold in AFS.

Gene expression in BMSCs seeded on scaffolds
--------------------------------------------

Quantitative real-time PCR results showed that the mRNA expression level of *COL1A1*, a key phenotypical molecule in outer layer AF, was higher in AYS than in AFS or HS after culturing for 3 weeks in CM (*P*\<0.05). No significant difference was observed between AFS and HS (*P*\>0.05) ([Figure 10A](#f10-ijn-13-1553){ref-type="fig"}). *SOX-9*, *COL2A1*, and *Aggrecan* mRNA expressions, which are inner AF markers, were upregulated in HS compared to AFS or AYS (*P*\<0.05) ([Figure 10B--D](#f10-ijn-13-1553){ref-type="fig"}). The "differentiation index", which is referred to as the ratio of *COL2A1* to *COL1A1*, was used to demonstrate the propensity for chondrogenesis. As shown in [Figure 10E](#f10-ijn-13-1553){ref-type="fig"}, the differentiation index in HS was significantly higher (fourfold) when compared with the other two groups (*P*\<0.05). No significant difference was observed between AFS and AYS (*P*\>0.05).

Discussion
==========

Effective biological AF repair is an urgent clinical demand. Despite widespread investigation and considerable progress, products available for clinical applications in AF tissue engineering are scarce. In an effort to develop a biological tissue engineering scaffold for AF repair, we created a nanoyarn nanofibrous scaffold and a three-dimensional porous nanofiber/nanoyarn HS that partially mirrored several important functional signatures of the native AF. These constructs 1) had tensile and compressive mechanical properties similar to that of AF, 2) allowed cells to infiltrate between nanoyarns and three-dimensional porous structure, and 3) allowed differentiation of BMSCs into AF cells into their topographical framework in chemically defined conditions.

Successful tissue engineering of complex load-bearing tissues such as AF requires recapitulation of their topographical structure and mechanical functions. In contrast to scaffolds previously used for AF tissue engineering, which included hydrogels[@b13-ijn-13-1553],[@b31-ijn-13-1553] and macroporous synthetic scaffolds,[@b32-ijn-13-1553],[@b33-ijn-13-1553] electrospinning permits the formation of arrays of aligned nanofibers to serve as a template for the deposition of a unidirectionally organized extracellular matrix by resident cells.[@b20-ijn-13-1553] As demonstrated in our study, AYS, which is composed of nanoyarns connected and twisted by many nanofibers, has a larger fiber pore size and higher porosity compared to AFS. The porosity and correct pore size are fundamental characteristics that enable scaffolds to provide space for cell adhesion and migration to allow nutrition diffusion and metabolite removal.[@b34-ijn-13-1553],[@b35-ijn-13-1553] AYS provided a relatively better three-dimensional and aligned microstructure that morphologically mimics the native AF tissue. Additionally, the nanoyarn scaffold exhibited a highly aligned structure, which was better than AFS.

AF exhibits spatial variations in structure and composition that gives rise to both anisotropy and heterogeneity in its material behavior in tension.[@b14-ijn-13-1553] Pilot experiments show that AF tissue has unique mechanical characteristics such as viscoelasticity, anisotropy, and a nonlinear behavior.[@b14-ijn-13-1553] The circumferential tensile modulus of outer layer AF may reach up to 17.4±14.3 MPa.[@b14-ijn-13-1553] In our study, the tensile modulus of AFS and AYS in the parallel direction achieved 13.46±0.54 and 10.39±0.46 MPa, respectively, and this partially approximates the circumferential tensile modulus of the outer layer of human AF. The tensile modulus of the scaffold could potentially be increased by combining the scaffolds with BMSCs to promote extracellular matrix accumulation and remodeling by achieving proper porosity and pore size to match the tensile strength of AF. Baker et al[@b36-ijn-13-1553] developed an enabling technology in which tunable composite nanofibrous scaffolds were produced to enable functional tissue formation by adding water-soluble sacrificial poly(ethylene oxide). The removal of sacrificial poly(ethylene oxide) fibers can enhance scaffold porosity and cell infiltration, which in turn may lead to pronounced increase in the tensile properties of the engineered constructs.

The three scaffolds in our study did not have any inhibitory effects on BMSCs' proliferation in vitro, indicating good biocompatibility. These results also indicate that AYS, and especially HS, can provide a better structure and space for cell proliferation than AFS and TCP owing to their larger pore size and higher porosity. BMSCs spread along the fibers in aligned nanofiber and nanoyarn scaffolds and exhibited a spindle-shaped cellular morphology, while adapting a more rounded shape with assembled blocks in the hybrid porous scaffolds. The diverse cell morphology suggests that the BMSCs may be able to sense the topography of scaffold substrates and transform into different morphological assemblies. This is consistent with the findings that cellular behavior including proliferation, differentiation, and migration is influenced by nanofiber topographic structure, such as pore size, fiber diameter, and fiber alignment.[@b37-ijn-13-1553]

While aligned nanofiber scaffolds are promising candidates for AF regeneration, several limitations remain. Most significantly, cell infiltration into these scaffolds is slow because of dense fiber packing, reduced pore size, and limited cellular ingress. To address this problem, a number of methods for improving infiltration have been proposed, such as selective removal of sacrificial fibers,[@b38-ijn-13-1553] salt leaching,[@b39-ijn-13-1553] cryogenic electrospinning,[@b40-ijn-13-1553] and introducing nanoyarn fiber.[@b24-ijn-13-1553] Conjugated electrospinning, a simple and versatile technique to manufacture aligned nanofibers and nanoyarns, is constructed by two simultaneous opposite voltage sprays.[@b41-ijn-13-1553] Unlike the conventional technique of using a rotating drum to collect aligned nanofibers, the fibers developed by conjugated electrospinning attract each other, stick together, and form neutral yarns with a high degree of alignment. As shown in our study, AYS had a higher extent of alignment and a relatively larger porosity and pore size compared to AFS, which may provide a three-dimensional environment for cell--scaffold interaction and accelerate cell infiltration into the scaffold. Notably, parts of BMSCs had ingrown into AYS at a depth of \>150 μm after in vitro culture for 14 days, while the depth in AFS was \<50 μm, though no significant difference was observed in terms of the median infiltration depth. Electrospun nanoyarn scaffolds constructed by dynamic liquid supporting system demonstrated higher porosity and excellent cell infiltration. However, the maximal tensile strength of these scaffolds iŝ4 MPa, which is a big gap to be used for AF tissue engineering.[@b28-ijn-13-1553] In general, the mechanical properties of a scaffold decrease with increasing porosity. Therefore, it is necessary to search for a trade-off between these two opposite parameters in order to meet the requirements of scaffolds for AF tissue engineering in a future study.

Given the intimate relationship between function and mechanical parameters, biomimetic scaffolds that replicate essential anatomic features of the tissue of interest are of great importance for tissue engineering application. Although many studies have matched AF tissue with tensile properties, due to the complexity of the IVD, there is no consensus on what additional mechanical properties must be attained and to what extent. Because AF must simultaneously withstand stress due to axial loading of the spine as well as torsion, it is possible that the AF mimetic engineered scaffold with anticompression function should be structurally optimized to reach functional equivalence of their native counterparts. In order to partially mimic the axial compression property of AF and increase cell infiltration rate further, we constructed the HS with AYS and 3-DPS by freeze-drying method and cross-linking. Our previous work verified the maximum compressive stress of 3-DPS to be \~0.35 MPa, which is nearly half of the native human AF tissues in the axial compressive modulus (0.8±0.9 MPa).[@b14-ijn-13-1553] 3-DPS was assembled by an open-cell cellular architecture and formed an elastic interconnected network with good reversible super-elasticity. Moreover, 3-DPS was assembled by nanofibers with hierarchical cellular structure, which may be favorable for cell adhesion, proliferation, and infiltration. Different sizes of pores, from hundreds to thousand micrometer square, allow cell ingress even during early period of cell culture (\~236.43 μm after 3 days culture), whereas limited cell infiltration on the periphery of the scaffold was observed in AFS. After 14 days of culture, BMSCs infiltrated to a depth of \~500 μm in HS. Parts of BMSCs had ingrown into AYS at a depth of \>150 μm, while the deepest in AFS was \<50 μm. This may contributed to the increased porosity with the inclusion of larger pores in 3-DPS and nanoyarns in AYS. In this respect, HS appears to be the best candidate among these three types of scaffolds in terms of mechanical property and cell infiltration and may be suitable for clinical application for the treatment of damaged AF tissue in vivo.

Comparable topographical geometry and mechanical features between the chosen scaffold and the native tissue allow cells to retain their characteristic cellular morphology, which has been shown to play an essential role in maintaining the cellular phenotype. As specific phenotypes to distinguish AF cells are limited and there is no consensus regarding the differentiation of BMSCs to AF cell,[@b42-ijn-13-1553],[@b43-ijn-13-1553] we only analyzed the chondrogenic markers to evaluate BMSCs' differentiation toward AF cells in this present study similar to a previous report.[@b44-ijn-13-1553] Our results indicated that *COL1A1* expression level was higher in AYS, while *SOX-9*, *COL2A1*, and *Aggrecan* expression levels were higher in HS compared to other scaffolds. The differentiation index, defined by the ratio of gene expression of type II to type I collagen, is a known method to track the functionality of chondrocytes or chondrocyte-like cells in case of disk cells[@b45-ijn-13-1553],[@b46-ijn-13-1553] and may be used as a reference to measure chondrogenesis differentiation tendency of BMSCs into disk cells. The differentiation index in HS was significantly increased by fourfold when compared with other two groups. Recent study showed that physical cues from aligned or randomly oriented nanofiber scaffold would influence the cellular behavior of BMSCs and would induced lineage commitment depending on the cytoskeleton-mediated mechanotransduction.[@b47-ijn-13-1553] The increased expression of *COL1A1* in AYS may be caused by topography-induced BMSCs' differentiation into fibrous cartilage-like tissue, similar to outer layer AF tissue. An outstanding work conducted by Nerurkar et al,[@b21-ijn-13-1553] which used nanofibrous scaffolds seeded with BMSCs in specific chondrogenic differentiation medium, demonstrated that these scaffolds directed the deposition of organized, collagen-rich extracellular matrix that mimicked the multilamellar architecture of AF. The porous structure in HS may provide optimal conditions for cell attachment and assembly and further affect BMSCs' chondrogenesis differentiation and formation of extracellular matrix similar to the inner AF tissue.

Although the present work promises further advancement in AF engineering, it also highlights several challenges that must be addressed before these scaffolds could be used in vivo. The first issue is the low cell infiltration efficiency in AFS and AYS with a large proportion of BMSCs distributed on the surface of these scaffolds, even though parts of BMSCs had ingressed in the inner portion of AYS. The nonuniform distribution may have been the result of dense fibers' packing in AFS and a static culture after seeding. A previous study has also implied the limited infiltration of cells in AFS in a static state.[@b48-ijn-13-1553] These limitations might be overcome by using dynamic culture or perfusion culture conditions in vitro. In addition, further work needs to be done to optimize the conditions of BMSCs' differentiation toward AF cells. As the current technology moves toward repairing AF defect in vivo, it will be critically important to develop suitable implantation and fixation technique for integration into the surrounding tissue, as well as the physiological constraints necessary to sustain its location. It remains to be determined whether this will occur under in vivo loading conditions due to the complexity of the IVD. Hopefully, with the development of minimally invasive spine surgery instruments, it would be feasibly accessible to implant the scaffold and immobilize it to allow integration during the surgical procedure.

Conclusion
==========

This study has developed a HS composed of two distinct topographies, a nanoyarn layer and a porous nanofiber layer, that replicates the tensile strength, axial compression, and anisotropic property of AF tissue to some degree. Biocompatibility analyses demonstrated that AYS and HS yield improved cell proliferation. Moreover, HS provides a novel three-dimensional platform for BMSCs' proliferation, infiltration, and differentiation toward AF cells. This study demonstrates that the HS could balance the mechanical property and BMSCs' infiltration and may provide a promising approach to the generation of equivalent replacement scaffold for AF repair.
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![Schematic description of experimental procedure for different scaffolds.\
**Notes:** (**A**) Schematic diagram of nanoyarn/three-dimensional porous nanofibrous HS construct process. 3-DPS were manufactured according to our previous work. Briefly, the uniform nanofibers' dispersions, which were homogenized from random nanofibers, were poured over the AYS with an aluminum mold. After freeze-drying and cross-linking, three-dimensional porous nanofibrous/nanoyarn HSs were obtained. (**B**) The gelatin/P(LLA-CL) solution (Wt 10%) was used to produce AYS by conjugated electrospinning from two oppositely charged nozzles. (**C**) Gelatin/P(LLA-CL) AFS were prepared by traditional electrospinning process.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; 3-DPS, three-dimensional porous nanofibrous scaffolds; HS, hybrid scaffold; P(LLA-CL), poly([l]{.smallcaps}-lactide-co-caprolactone); PLLA, poly([l]{.smallcaps}-lactide).](ijn-13-1553Fig1){#f1-ijn-13-1553}

![SEM images of electrospinning scaffolds.\
**Notes:** (**A**) Aligned gelatin/P(LLA-CL) nanofibers scaffold; (**B**) aligned gelatin/P(LLA-CL) nanoyarn fibers scaffold; and (**C**) random PLLA/gelatin fibers. (**D**) Cross-section image of hybrid scaffold. Three-dimensional porous nanofibrous scaffold, before cross-linked (**E**) and after cross-linked (**F**). Red arrows and ellipses in (**B**) indicate the formation of nanoyarn fibers.\
**Abbreviations:** P(LLA-CL), poly([l]{.smallcaps}-lactide-co-caprolactone); PLLA, poly([l]{.smallcaps}-lactide); SEM, scanning electron microscope.](ijn-13-1553Fig2){#f2-ijn-13-1553}

![Representative structure characteristics of scaffolds.\
**Notes:** Angular distribution of the nanofibers in the AFS (**A**) and the nanoyarns in the AYS (**B**). (**C**) Pore size of AFS, AYS, and 3-DPS, measured by Image J. The data are expressed as median + interquartile range. (**D**) Porosity of AFS, AYS, and HS. The data are expressed as mean ± SD. \**P*\<0.05, a statistically significant difference between the two groups; ns, *P*\>0.05, no significant difference between the two groups.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; 3-DPS, three-dimensional porous nanofibrous scaffolds; HS, hybrid scaffold; SD, standard deviation.](ijn-13-1553Fig3){#f3-ijn-13-1553}

![Mechanical properties of scaffolds.\
**Notes:** Representative tensile stress--strain curve of AFS (**A**) and AYS (**B**); (**C**) tensile strength at break; (**D**) Young's modulus; and (**E**) elongation rate at break of P(LLA-CL)/gelatin AFS and AYS. The data are expressed as mean ± SD. \**P*\<0.05, \*\**P*\<0.01, a statistically significant difference between groups; ns, *P*\>0.05, no significant difference between the two groups (n=3).\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; P(LLA-CL), poly(l-lactide-co-caprolactone); SD, standard deviation.](ijn-13-1553Fig4){#f4-ijn-13-1553}

![BMSCs' proliferation on different scaffolds by CCK-8 assay.\
**Notes:** Results of BMSCs cultured on the AFS, AYS, and HS for up to 7 days. The data are expressed as the mean ± SD. \**P*\<0.05, a statistically significant difference between groups; ns, *P*\>0.05, no significant difference between the two groups (n=3).\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; BMSCs, bone marrow-derived mesenchymal stem cells; CCK-8, cell counting kit-8; HS, hybrid scaffold; TCP, tissue culture plate; SD, standard deviation.](ijn-13-1553Fig5){#f5-ijn-13-1553}

![SEM images of BMSCs on scaffolds.\
**Notes:** At day 7 after culture, BMSCs on AFS (**A**), AYS (**B**), and HS (**C**) were imaged. The scale bars in (**A**--**C**) represent 100 μm.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; BMSCs, bone marrow-derived mesenchymal stem cells; HS, hybrid scaffold; SEM, scanning electron microscope.](ijn-13-1553Fig6){#f6-ijn-13-1553}

![HE-stained histology images show BMSCs' distribution on different scaffolds up to 14 days.\
**Notes:** AFS (**A**, **E**, and **I**), AYS (**B**, **F**, and **J**), and HS (**C**, **D**, **G**, **H**, **K**, **L**) at days 3 (**A**--**D**), 7 (**E**--**H**), and 14 (**I**--**L**), respectively. Panels (**D**, **H**, and **L**) were local amplification images of (**C**, **G**, and **K**). Scale bars: 200 μm for all images.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; BMSCs, bone marrow-derived mesenchymal stem cells; HE, hematoxylin and eosin; HS, hybrid scaffold.](ijn-13-1553Fig7){#f7-ijn-13-1553}

![Infiltration of BMSCs into different scaffolds by DAPI.\
**Notes:** BMSCs were seeded on different scaffolds up to 14 days, and cell nuclei were stained with DAPI. AFS (**A**, **D**, and **G**), AYS (**B**, **E**, and **H**), and HS (**C**, **F**, and **I**) at days 3 (**A**--**C**), 7 (**D**--**F**), and 14 (**G**--**I**). Scale bars: 200 μm for all images.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; BMSCs, bone marrow-derived mesenchymal stem cells; DAPI, 4′,6-diamidino-2-phenylindole; HE, hematoxylin and eosin; HS, hybrid scaffold.](ijn-13-1553Fig8){#f8-ijn-13-1553}

![The infiltration depth of BMSCs in different scaffolds.\
**Notes:** Infiltration depth was performed by overlaying an array of columns as depicted in (**A**) on the DAPI-stained section images of the different scaffolds. The deepest cell localization in each column was recorded and averaged for every sample group. The result is shown in (**B**). When compared with AFS, significant differences were observed in the infiltration depth of AYS and HS at each time point. The bar in (**A**) represents 50 μm. \*\**P*\<0.01, a statistically significant difference between groups; ns, no significant difference between the two groups; ^&^Comparison of infiltration depth between day 7, 14 and day 3; ^\#^Comparison of infiltration depth between day 7 and day 14.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; BMSCs, bone marrow-derived mesenchymal stem cells; DAPI, 4′,6-diamidino-2-phenylindole; HS, hybrid scaffold.](ijn-13-1553Fig9){#f9-ijn-13-1553}

![The quantitative real-time PCR was used to examine the mRNA expression of *COL1A1* (**A**), *COL2A1* (**B**), *Aggrecan* (**C**), *SOX-9* (**D**), and "differentiation index" (**E**) of BMSCs on different scaffolds with CM for 3 weeks.\
**Notes:** The differentiation index is the ratio of type II to type I collagens. Data are expressed as mean ± SD (each group, n=3). \**P*\<0.05, significant difference existed when compared between group; ns, *P*\>0.05, no significant difference existed between group.\
**Abbreviations:** AFS, aligned nanofiber scaffolds; AYS, aligned nanoyarn scaffolds; BMSCs, bone marrow-derived mesenchymal stem cells; CM, chondrogenic medium; HS, hybrid scaffold; SD, standard deviation.](ijn-13-1553Fig10){#f10-ijn-13-1553}

###### 

Primer sets used for PCR measurements

  Name             Primer                       Sequence                     Size (bp)
  ---------------- ---------------------------- ---------------------------- -----------
  Rat *GAPDH*      Forward                      5′-ACAGCAACAGGGTGGTGGAC-3′   253
  Reverse          5′-TTTGAGGGTGCAGCGAACTT-3′                                
  Rat *COL1A1*     Forward                      5′-TGACTGGAAGAGCGGAGAGT-3′   202
  Reverse          5′-GAATCCATCGGTCATGCTCT-3                                 
  Rat *Aggrecan*   Forward                      5′-TGGACTTGTCTCAGGTTTC-3′    295
  Reverse          5′-AGTTGGGGCAGTTATGGAT-3                                  
  Rat *SOX-9*      Forward                      5′-CAGTCCCAGAGAACGCACAT-3′   232
  Reverse          5′-AGGTGAAGGTGGAGTAGAGC-3                                 
  Rat *COL2A1*     Forward                      5′-TCCCGCAAGAATCCCGCTCG-3′   164
  Reverse          5′-GCTGGGTTGGGGTAGACGCA-3                                 
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